Abstract: This paper seeks to model the crack propagation in of AAs (aluminum-alloys) 2524-T3 and 7050-T7452 subjected to fatigue loading at low temperature. Fatigue crack growth tests were performed on AAs 2524-T3 and 7050-T7452 subjected to constant-amplitude and actual random-spectra loading histories at room temperature of about 25 °C and at cryogenic temperature of -70 °C, respectively, to determine their crack growth properties and residual lives. The interaction mechanisms between cryogenic temperature and the fatigue load were deduced on the basis of the results of fractographic analysis. Temperature-dependent residual lives under actual random-spectrum load history were modeled based on a modified accumulation damage rule by accounting for the load interaction. Good correlation was achieved between the predictions and actual experiments, demonstrating the practical and effective use of the proposed method.
Nomenclature

INTRODUCTION
Because of their superior stiffness and strength, excellent resistance to creep, oxidation and corrosion, and good fracture toughness, advanced metallic alloys (e.g., titanium and aluminium alloys,
Ni-based single-crystalline or polycrystalline superalloys, etc.) are widely used in advanced aircrafts and aero-engines as airframe component and gas turbine blade materials, where they are commonly encounter a wide range of temperature (-5 to -60 °C) at high flight altitudes [1] [2] [3] [4] . Low temperatures can strongly affect the fatigue ductile-brittle transitionin mechanism [5] [6] [7] , fatigue resistance [8] , fracture threshold [5] and toughness [9] , and crack propagation rate [9] [10] [11] of metallic materials, particularly, aluminum alloy. The reason for this is that fatigue damage at the crack tip is strongly affected by the hydrogen-embrittlement process [12] , and low temperature generally retardates the hydrogen-embrittlement process to enhance fatigue resistance of some metallic materials [3] [4] [5] . A significant body of research exists covering new quantitative models for depicting fracture toughness [6, 7] and threshold [5, 13] , and crack growth laws [13, 14] at low temperature. In addition, based on the linear elastic fracture mechanics (LEFM), finite element (FE) modelling for crack propagation behavior and residual life at low temperature are also covered in several works [14, 15] . As a result, fully understanding the effects of low temperatures on the fatigue properties and damage mechanism of metallic alloys at low temperatures is becoming increasingly important for assessing failure limits and reliability during the design prediction stage of advanced aircrafts and gas turbine engines.
During actual operation of aircrafts or steam turbine engines, many metallic alloy components often undergo variable-amplitude rather than constant-amplitude loading histories, and the effects of load interaction have an appreciable influence on fatigue lives in the environment of low temperature [14, 16] . Therefore, low temperature fatigue under variable amplitude loading histories is the single most common cause of failures of aircrafts or gas turbine engines. Although a large amount of re-search has been conducted on the fatigue properties and lives of alloy steels and superalloys at low temperatures, the effect of low temperature on the crack growth properties of AAs 2524-T3 and 7050-T7452 has been scarcely reported, and the load interaction on the residual lives of the aforementioned alloys subjected to variable amplitude loading histories at low temperature has not been systematically studied. Hence, a need exists for fully understanding the effect of low temperature on the crack growth properties of AAs 2524-T3 and 7050-T7452; furthermore, a technique for assessing the load interaction effect in engineering design for advanced aircraft or gas turbine engines is desirable, which is the focus of this paper.
EXPERIMENTS
Experimental methodology
Because of their superior mechanical properties, AAs 2524-T3 and 7050-T7451 have been widely used in advanced aircrafts and gas turbine engines as airframe or rotor spindle materials, where they commonly experience random-spectra loading histories in a low temperature environment. The random-spectra loading can cause crack initiation and propagation from small defects in airframes.
In this work, our objective was to determine and understand the effect of low temperature on the crack growth properties and the load interaction on the temperature-dependent residual lives of AAs 2524-T3 and 7050-T7451.
All CCT (centre-cracked tension) specimens for fatigue tests were manufactured from AA 2524-T3
or AA 7050-T7451. The mechanical properties for AAs 2524-T3 and 7050-T7451 are listed in Table   1 , and the geometry and dimensions of the specimens are shown in Fig. 1 . All specimens have an initial artificial prefabricated crack size 0 a of 8 mm through linear cutting and polishing. All fatigue tests were conducted on a MTS-880-100kN servo-hydraulic machine under axial cyclic loadings with a sinusoidal waveform at a loading frequency of 10 Hz in room environment (shown in Fig.   2 ). During tests, a WZHD0850 long focal-length optical telemicroscope with a measurement accuracy within 0.01 mm was utilized to measure the crack sizes at a specific interval of cyclic loading until the rupture of specimen. In addition, a SDGDYD-180/+350 environmental chamber whose temperature fluctuated within ±2°C was employed to maintain the testing temperatures of -70°C cryogenic temperature through controlling the gas flow of gasified nitrogen from the YDZ-50 cryogenic liquid nitrogen cylinder. A pre-crack of about 2.0 mm length was made along both left and right notch-edge cracks on all specimens at the beginning of tests.
Four categories of crack growth tests were prepared. Two of them were constant-amplitude loading tests at room temperature of about 25 °C and at cryogenic temperature of -70°C, to determine pure and low temperature crack growth properties, separately. Two other categories were actual random-spectra loading tests at about 25 °C and at -70°C, to obtain pure and low temperature residual lives, respectively. The cryogenic temperature of -70°C represent the lowest operation temperature to which AAs 2524-T3 and 7050-T7451 are commonly subjected in airframe applications. Furthermore, three stress ratios of 0.06, 0.3 and 0.5 were implemented for the tests of constant-amplitude loading, and at least three specimens were utilized for each stress ratio. Meanwhile, four reference stress levels of 68 MPa, 75 MPa, 91 MPa and 109 MPa were employed for the tests of actual random-spectra loading on AAs 2524-T3 and 7050-T7451, separately, and at least three specimens were used for each reference stress level. 
Experimental results and dicussion
Through constant-amplitude loading tests, the experimental dataset of crack length i a versus number of stress cycles i N were determined and the crack growth rates ( ) i da dN corresponding to the crack length i a were calculated based on the secant method [17] from an experimental dataset
In accordance with standards ASTM E647-11 [17] , the stress intensity range for the CCT specimen is 2 sec 2 πα πα
, W is the width of specimen, B is the thickness of specimen and P Δ is the load range.
By means of Equation (1) The results in Fig. 4 lead to the following deductions: (i) The crack growth rates for both alloys in both temperature environments increase with the increasing stress ratio.
(ii) In the same stress ratio case, the crack growth rates for both AAs are less at -70°C than at 25°C. Hereby, we propose that low temperature substantially and beneficially affects the crack growth behaviour of AAs 2524-T3
and 7050-T7451. (iii) In the case of the same stress ratio, the difference in fatigue crack growth rate between both temperature environments decreases with the increasing stress intensity, this means that the effect of low temperature weakens with the increasing stress intensity.
The experimental results under actual random-spectra loading are shown in Table 2 . The results in Table 2 results in the following deductions: At the same reference stress level, the mean values of residual life are greater at -70°C cryogenic temperature than at 25°C room temperature. In addition, the differences of residual lives between both temperature environments decrease with the increasing reference stress level. We therefore conclude that low temperature has a notable and beneficial effect on the residual life of AAs 2524-T3 and 7050-T7451.
Fractographic analysis
In general, fracture surfaces exist valuable information sources of trace evidence (e.g., hachures or fatigue lines, etc.) to indicate the origin or origins of crack, dominant crack growth path, residue, fracture mode, etc. Thereby, by analyzing the characteristics on fracture surface, fractography is widely applied to identify the failure mode, to understand the nature of fatigue failure and the caus- Moreover, Figs. 7b and 7d also involve the ductile transgranulars nature on fatigue surfaces under random-spectra loading, specilly, more significant ductile transgranulars nature can be observed at reference stress level of 91 MPa than at 109 MPa. As a consequence, we propose that with the increasing reference stress level of random-spectra loading, the load interaction effect enhances, the load-environment interaction weakens, and the difference in residual lives between both temperature environments decreases.
Note that the above qualitative results of fractographic analysis provide an insight into fatigue damage development in metallic alloys under load-environment interaction and load interaction and constitute a fundamental basis for the development of a microstructural theoretical model for depicting the load-environment interaction. In order to develop microstructural theoretical model for depicting the load-environment interaction, the further works necessitate to quantitatively determine microstructural sizes of material (including grains and grain slip boundary, dimple, short crack, etc.)
in the case of known loading and environment patterns. After this, it is possible to establish the theoretical relationship model between the microstructural sizes of material and loading and environment to quantitatively evaluate the load-environment interaction.
MODELLING CRACK GROWTH BEHAVIOUR AND RESIDUAL LIFE
Depicting temperature-dependent crack growth behavior
A three-parameter empirical power function formula is commonly used to characterize materials' crack growth properties as.
where a is the crack size or length. N is the number of stress cycle. da dN is the crack growth per stress cycle. K Δ is the stress intensity range. R is the stress ratio. C is the crack propaga- (2) can be determined by best fitting from experimental datasets. By means of Equation (2), the
surfaces for both alloys at 25 °C, and -70 °C were respectively determined from the experimental datasets in Figs. 4a and 4b (shown in Table 3 ). The da dN K − Δ curves for both alloys were deduced from the R K dN da − Δ − surface models in Table 3 . From Table 3 than at 25°C; (iv) the crack growth rates for both alloys depicted by the surface model (2) increase with the increasing stress ratio and stress intensity range, respectively; (v) the differences of
surfaces between both temperature environments decrease with the increasing stress ratio and stress intensity range, respectively. Thus, we propose that the surface model (2) has adequately and logically characterized the physical characteristics and the phenomenological quantitative laws of crack growth behaviour. Importantly, the parameters of this model can be determined expediently and easily.
Modelling temperature-dependent residual life
The Willenborg-Chang model based on plastic zone theory has been proved to be successful in modelling the load interaction on residual life under random-spectra loading by introducing the effective stress ratio eff R at crack tip. Therefore, incorporating the Willenborg-Chang model and the
surface model with three-parameter (i.e., Equation (2)), it is possible to predict the crack growth increment for the i th stress cycle in a block of random-spectrum load history as follows.
If ( )
Otherwise, Using the aforementioned modified damage accumulation rule, the residual lives for AAs 2524-T3
and 7050-T7451 were calculated from actual random-spectra load history shown in Fig. 3 , the material properties listed in Table 1 , and the da dN K R − Δ − surface models listed in Table 3 . The calculated results are listed in Table 2 . The results in Table 2 lead to the following deductions: The maximum relative deviation of residual life predictions for both alloys from experiments is 26.7 %, with the acceptable scatter. Thus, it is argued that the modified damage accumulation rule can provide a reasonable prediction for temperature-dependent residual life of metallic alloys.
CONCLUSIONS
The focus of this paper has been to model the crack propagation in metallic alloys subjected to fatigue loading at low temperature. Fatigue tests were performed on AAs 2524-T3 and 7050-T7451 subjected to constant-amplitude and random-spectra loading histories at 25 °C and at -70°C, respectively. Temperature-dependent residual lives under actual random-spectrum loading were modeled based on a modified accumulation damage rule. The underpinning work contains three features:
(i) Low temperature has a notable and beneficial effect on the crack growth behaviours and residual lives of AAs 2524-T3 and 7050-T7451. The ductile transgranulars nature on fracture surfaces at low temperature decreas crack growth rate, unltimately increasing fatigue life.
(ii) The instantaneous large load variations within actual random-spectra load history enhance the sharply tensile effect to accelerate crack growth. With the increasing reference stress level of random-spectra loading, the load interaction effect enhances, the load-environment interaction weakens, and the difference in residual lives between the environments of room and cryogenic temperature decreases.
(iv) A modified accumulation damage rule, accounting for the load interaction, was presented to predict temperature-dependent residual lives of both alloys subjected to actual random-spectrum load history. Good correlation was achieved between the predictions from the modified rule proposed in the paper and actual experiments. 
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